Synthetic polymers constitute an established class of materials. The distinction often made between the massproduced commodity polymers and speciality polymers is less clearly defined, since with novel preparation techniques bulk polymers are now increasingly used in speciality applications. Such new applications of commodity polymers often compete with the classical inorganic materials: metals and glasses. In this respect synthetic polymers often suffer from inferior performance with respect to strength/stiffness, barrier properties etc. These deficiencies are not necessarily intrinsically related to commodity polymers, as will be demonstrated with some examples: high-modulus/high-strength polyethylene fibres and barrier films based on polypropylene.
INTRODUCTION
Synthetic polymers, in the past often synonymous with cheap substitutes (plastics), have a well-established position today in the spectrum of available materials, as is illustrated by their production volume of slightly over 50× 106 tonnes in 19831. A distinction is often made between speciality and commodity polymers. The concept of speciality (high-performance) vs. commodity (bulk) is used in -but not restricted to -the chemical industry to differentiate chemicals, plastics and also fabricated products in terms of market-size/price/number of producers/performance criteria 2.
The four major mass-produced polymers: polyethylene (PE), poly(vinylchloride) (PVC), polystyrene (PS) and polypropylene (PP), constitute over 70% of the total polymer production volume 3 and are, by all criteria, commodities. Polymers like ABS, the polyamides nylon 6 and 66 etc., which were considered to be specialities in the past, have lost this status and are often referred to as engineering plastics, to distinguish their intermediate position between specialities and commodities in terms of pricing/performance/application, see Figure 1 .
Newly-developed synthetic polymers are inevitably specialities at the beginning of their life-cycle. Numerous specialities have been developed or are under development, exhibiting for instance high-melting temperatures, increased high-impact resistance, high-strength/highmodulus, electrical conductivity etc. 4 (see Table 1 ). De- spite the effort that has been made to develop a large variety of specialties, their market share is still limited to a few per cent of the total synthetic polymer production.
It is obvious that any differentiation between specialities, engineering and commodity pol.ymers is of a dynamic nature. A speciality polymer, combining a few excellent characteristics, has the potential to acquire an engineering status. A polymer like ABS is sometimes referred to as an engineering, sometimes as a commodity polymer, which indicates its changing status. Given the foregoing considerations, commodity polymers seem, at first sight, the bottom end of the market with material characteristics making them only suitable to substitute glass, metal and paper in low-performance products. These generalizations, however, are far from reality. For example, polyethylene (the largest bulk-produced polymer) is in fact a generic name for a versatile class of materials which have in common the recurring monomer ethylene as the base unit, but differ with respect to chain length, branch content and chain regularity, resulting in a large variety of properties and applications. In fact some PE grades can be considered to be specialities in the sense that they are designed for a specific purpose or application.
In the search for new areas of application, commodity
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Eng. plastics Table 2 . These grades are sometimes referred to as commodity-plus (C +) types 5. Usually no spectacular changes in properties are obtained or aimed at, the main target being to widen the application areas. For many high-performance applications these commodity-plus types, but also the engineering plastics, cannot compete with the classical inorganic materials, glass and metals, notably with respect to mechanical strength, stiffness, barrier properties and continuous use temperature. To bridge the gap in properties there are, in principle, two possible routes. One was discussed above, i.e., the development of specialities based on new chemistry and focused usually on one property, for instance strength/modulus, impact, melting point. Another possible route, although restricted to certain characteristics, is to exploit to an absolute maximum the intrinsic properties of existing commodity polymers, in fact a step which goes far beyond the commodity-plus approach (as indicated by the dashed arrow in Fioure 1). We will discuss two examples in which, by simple physical means of blending and (ultra)drawing, properties are attained which are comparable to or competitive with those of glasses and metals, but realized on the basis of commodity polymers like PE and PP. They therefore, have the additional advantages with respect to density and impact resistance, for example. We will first discuss the progress made in a time span of about 15 years towards production speciality products: P. J. Lemstra and R. Kirschbaum of high-strength and extremely stiff structures based on intrinsic flexible macromolecule such as PE. In the second part it will be shown how processing of intractable systems such as incompatible blends can be optimized to obtain products which combine mechanical performance with barrier properties.
ULTRA-DRAWING OF POLYETHYLENE

Polyethylene; its intrinsic possibilities
The strength and stiffness of standard polyethylene (isotropic) is comparatively low, usually <0.05 and 2 GPa*, respectively. For many applications, higher values are not necessary or even undesirable, for example in flexible/tough films. The polyethylene chain, a linear array of covalently bonded C-atoms is potentially very stiff and strong. Mark 6 estimated the strength of a C C bond to be ~ 25 GPa. A more recent calculation gave the following results for a linear polyethylene chain: breaking stress 19 GPa at a strain at break of 33% and a corresponding modulus of 300 GPa 7. These calculations however are based on loading an infinite chain to the limit (rupture of C-C bonds). Although it is possible to polymerize linear polyethylenes possessing molecular weights (M,,) of up to several dozens of millions (in fact these grades are produced commercially, the so-called UHMW PE types), the maximum length of these high molecular weight chains in the extended chain conformation is still limited to < 100/~m. The ultimate strength of macroscopic polyethylene systems are therefore more dependent on interchain contact and slippage of chains under stress than on loading individual chains to break, even more so since specific interactions like hydrogen bonding are absent and only relatively weak van der Waals forces operate between chains.
Due to the highly anisotropic character of linear macromolecules one focuses automatically on exploiting maximum strength/stiffness in one direction, i.e., fibrous systems. More than 50 years ago, Carothers formulated a few criteria for obtaining high-strength fibres, such as the necessity of long molecules, oriented and ordered in an array with the chain axis parallel to the fibre axis s. Based on these considerations, polyethylene is an excellent candidate for obtaining high strength and stiffness values. It is possible to polymerize nearly linear and very long molecules, M~ > 10 6 kg kmol-1. Since no pendant groups are present tacticity/stereoregularity is not a complicating factor leading to a reduction in crystallizability (atactic) or helical conformations in the crystalline state (isotactic) with an intrinsically lower value for the modulus (for example isotactic polypropylene). The absence of pendant groups also implies that a polyethylene chain has one of the smallest cross sectional areas amongst all synthetic macromolecules. Consequently the number of loadbearing elements per fibre cross section is relatively high, provided the chains are fully extended in the fibre direction.
Schaefgen has estimated the strength of a nearly perfectly aligned and crystalline PE structure to be 3.7 GPa, based on Zimmerman's theory of creep failure 9. Although this estimated value is substantially lower than the 19 GPa mentioned before (calculated on the basis of chain breakage) it is still impressive in comparison with * 1 GPa=I09 N m-2=(l N/Tex for PE) current values of high-performance fibres such as the aramids and carbon, especially when the specific strength is taken into account (strength per unit weight) which is typically < 2 GPa for the latter class of materials.
In conclusion, the linear polyethylene chain possesses some characteristics which makes it a suitable candidate for obtaining high-strength/high-modulus structures. The major problem which has to be solved is to meet the essential requirement: chain extension/alignment, taking into account that the PE chain is flexible and the extended chain conformation is highly improbable. This is in contrast with for instance the aromatic polyamides and polyesters where polymer chemists designed intrinsically stiff macromolecules which are prone to orient during flow.
Numerous studies have been devoted to maximum orientation in polyethylene systems. Various processes have been developed or are under development, mainly based on deformation in the solid phase and/or employing solvents to obtain a suitable precursor for ultradrawing. We will summarize solid-state deformation processes for a better understanding of the gelspinning process developed at DSM.
Solid-state deformation processes
Andrews and Ward ~ o started drawing studies of linear polyethylene some 15 years ago and investigated the influence of molecular weight and draw ratio on properties of drawn structures. Via melt-spinning, isotropic monofilaments were obtained which were post-drawn after solidification. They found that the axial Young's modulus of the drawn filaments increased monotonically with increasing draw ratio, and they obtained moduli up to ~ 20 GPa*.
In later studies, Ward et al. ~1 systematically investigated the dependence of post-drawing behaviour on processing variables. It was found that crystallization conditions affected the drawability in the sense that slow cooling from the melt promotes the effective drawability of the solid. By optimizing the spinning and solidification conditions, moduli could be obtained of up to 70 GPa by post-drawing the extruded/crystallized filaments in a temperature range close to, but below, the end-melting temperature. Since the density of PE is nearly unity these PE structures possess specific moduli beyond those of glass and steel, if compared on the basis of stiffness/weight (specific modulus).
Ward and coworkers found 12 that the beneficial effect of slow cooling from the melt was restricted to the lower molecular weight range for polyethylene. Moreover the drawability of the solidified polyethylene decreased with increasing molecular weight. The maximum attainable draw ratio decreases monotonically with increasing molecular weight, approaching a limiting value of < 10 at M~'s above 106 kg kmol-1, sometimes referred to as the natural draw ratio.
With increasing molecular weight, polyethylene (as well as other polymeric systems) increasingly resists deformation. This applies not only to deformation in the solid state in tensile drawing but also to the melt, where the viscosity increases rapidly with Mw. Therefore meltspinning and subsequent post-drawing of the solid phase * In this paper, all quoted experimental values for modulus and strength refer to room temperature measurements has a limitation with respect to the choice of polyethylenes. Typically, polyethylenes with moelcular weights > ~ 5 x 10 5 (M~) are difficult to spin from the melt due to melt fracture and if proper spinning conditions were available, post drawing would be less effective since the maximum draw ratio is limited.
These limits with respect to molecular weight are reflected in the ultimate values for the tensile strengths, 1 GPa. As stated before for high tensile strengths, long and perfectly-oriented molecules are a pre-requisite. At Monsanto USA, Wu and Black optimized the meltspinning process on a well-tuned spinning line and obtained maximum values for strength and stiffness of 1.4 and 70 GPa, respectively 13 The advantage of the Ward process is its simplicity and therefore, in principle, a low cost price of the fibres/tapes based on a cheap commodity polymer PE but offering properties which could be attractive for many applications 14.
Deformation in the solid state is not restricted to tensile drawing of spun/extruded filaments/tapes (nor to polyethylene itself). Using high pressures one can force solid polyethylene (in the form of preformed billets) through a die, for instance via hydrostatic extrusion etc. ~5'~6. Basically these deformation techniques/modes involve the same molecular processes and therefore the same limitations with respect to molecular weight apply if meltcrystallized PE is used as the precursor for solid state deformation. Of course in solid state/hydrostatic extrusion processes one avoids the melt-processing step but to obtain high-modulus structures the solid polyethylene precursor has to be deformed to high EDR (extrusion draw ratios), similar to high draw ratios in tensile drawing and the process becomes increasingly difficult with increasing molecular weight.
Limits in drawability/natural draw ratio
The decrease in drawability/draw ratio and EDR values with increasing molecular weights is an experimentally well-verified fact and the concept of a natural draw ratio is not uncommon for drawing polymeric systems. For instance in melt-spinning of nylons, filaments are post-drawn to increase the mechanical properties of the yarns. The maximum attainable draw ratio is limited to ~-5 6, depending on spinning conditions (draw down). The natural draw ratio for tensile drawing is however not predicted by or based on any current model of polymer morphology/crystallization.
For example, polyethylene chains in the melt and in concentrated solutions are ideal in the sense that (R2~, the mean square end-to-end distance, is linear in the molecular weight M. Although it is not decided yet how the individual chains should behave upon cooling from the melt 17, they certainly form crystallites. Depending on crystallization conditions and molecular weight, the conformation of the PE-chain in the solid will retain (some of) its random coil character from the melt or approach the folded-chain conformation as found in PE lamellar crystals obtained by slow cooling of dilute solutions. In discussing the drawing behaviour of PE in the solid phase one has to focus on the initial situation, the conformation of the chain in the (isotropic) solid and the ultimate goal: the fully extended chain in the fibre. The actual situation should lie in between two extremes: (a) the conformation of the chain in the solid is similar to the situation in the 
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Commodity polymers as 100 M speciafity products: P. J. Lemstra and R. Kirschbaum limiting case of approaching zero concentration (R 2) ~ M 1'2, rather than linear in M (see ref. 20). Dilute solutions with isolated coiled macromolecules are not compatible with any continuous spinning process in which continuity is provided by chain overlap, but, nevertheless, studies on stretching/orienting in the limiting case of dilute solutions are of interest to understand which factors govern and limit chain extension.
From hydrodynamic theories simple conditions can be obtained concerning stretching of individual macromolecules. In general to stretch the chain the hydrodynamic driving force should exceed the entropic restoring force towards the random coil conformation. The type of flow is an important choice in view of the aim of fully stretching out a macromolecule (see the discussion in ref. melt; and (b) the chain conformation is regularly folded. If (a) holds, the maximum (molecular) draw ratio 2 .... is given by the ratio of the extended chain length L and the end-to-end distance Re in the isotropic solid. In case of PE, L= 0.83 nl (n is the number of-CH 2-units and I the C-C bond length) 18 and Re = ( R 2~ 0.5 where (R) 2 = C nl 2 (C--characteristic ratio). Taking C=6.7 as an average value 18'19, the maximum draw ratio as a function of molecular weight M is given by:
For regularly (adjacent-reentry) folded chain crystals, (case (b)), the draw ratio is given by the ratio of fold length (Lr) and the chain diameter (6), which in case of polyethylene amounts to draw ratios between ~ 30 and 40. Figure 2 shows the two extreme cases (a) and (b) and the actual situation with respect to draw ratio as a function of M, as encountered in drawing polyethylenes. The large discrepancy between actual values and the calculated ones implies that other factors controlling drawability operate in solid-state deformation/drawing of polyethylene.
Orientation in solution/shish-kebabs
The dimensions of flexible polymers like polyethylene in solution depend on the choice of solvent, temperature and concentration. For dilute solutions in good solvents the coil expands due to excluded volume effects and in the In equation (2), + is the rate of strain in the flow direction and r the characteristic relaxation time and A t the time during which the macromolecule is exposed to the flow field. The relaxation time is dependent on the molecular weight. Mackley and Keller 23 concluded from their experiments on polyethylene that r ~ M ~'75 which implies that, in actual systems, where the molecular weight distribution is very broad, only fractional chain extension is obtained. They calculated for the system polyethylene in xylene that at a rate of strain of 1000s -x (which is extremely high for any spinning system) only molecules with molar masses > 2 x 106 will become fully stretched out. This reflects the intrinsic problem of orienting a flexible macromolecule like polyethylene as an individual unit.
Chain extension in slightly super-cooled solutions of polyethylene could be made permanent by nucleation and growth of aligned macromolecules into fibrous structures. Slightly supercooled solutions are a prerequisite to avoid spontaneous nucleation and growth of folded chain crystals, the usual mode of crystallization occurring at lower crystallization temperatures.
At DSM Central Research it was found that fibrous PE crystals are formed in a Couette apparatus if the inner rotor exceeded a critical rotation rate 24. It was found that the critical rotation rate coincided with the onset of Taylor vortices in the dilute and supercooled PE solutions, which are known to contain elongational components. When high-molecular weight PE was used the cdrrespondence between fibrous crystal growth and Taylor vortices was less clear, which in retrospect can be attributed to a less clear understanding of entanglementcoupling at the time (see the section on gelspinning/ultradrawing).
The morphology of the stirring-induced fibres has been thoroughly investigated and the crystals have become known as 'shish-kebab'. In the fibrous material a central core is present consisting of more or less extended PEmolecules (shish) and on the core lamellar crystals are present (kebab). This type of morphology is easy to understand in terms of the foregoing discussion about orientation and relaxation of chains in solution. Since the high molecular weight part of a particular PE sample is more prone to orient during stirring, a backbone will develop on which during cooling the unoriented mo- The early work on stirred-induced crystallization was followed by various methods of fibre-growing methods like free growth z8 etc and culminated in the so-called surface growth technique. This surface-growth technique was a significant breakthrough since polyethylene fibres could be grown from a rotating surface in a dilute solution of high molecular weight polyethylene with excellent mechanical properties, viz. a tensile modulus of over 100GPa and a strength >3GPa. This technique was studied in detail by Zwijnenburg/Meihuizen/Pennings (University of Groningen) 29 and by Barham and Keller (University of Bristol) 25'26. Figure 3 shows an experimental set-up (taken from ref. 30) of the surface growth method. A seed fibre, immersed in solution between two concentric cylinders in which the inner cylinder rotates, is withdrawn from the inner rotating cylinder and upon withdrawal fibres are pulled from the surface. This technique is continuous in the sense that by replenishing the solution between the cylinders fibre growth is continuous and fibres with the aforementioned excellent mechanical properties are obtained, due to improved crystal perfection at these high growth temperatures 26.
The surface growth technique clearly demonstrates that from very high molecular weight PE, typically > 106 kg kmol-1 (UHMW-PE grades), oriented structures could be obtained possessing excellent mechanical properties with respect to stiffness and strength, in fact matching the predicted values by Schaefgen mentioned before 9. The surface growth method is the experimental realization of ultra-high strength/high-modulus PE fibres. Many efforts were taken to understand the factors governing the speed and R. Kirschbaum of fibre production, to increase this speed and to develop alternative/optimized surface growth techniques, see for example ref. 31 . But growth rates were limited to < 1 m min-1, which is far too low for any technological and commercial fibre spinning process.
GELSPINNING/ULTRA-DRAWING
In the late 1970s it was found at DSM Central Research that solution-spun UHMW-PE could be ultra-drawn to high-strength/high modulus fibres 32'33. Figure 4 shows schematically the elements of this process, now often referred to as PE-gelspinning. A solution of UHMW-PE, Mw typically > 106, is spun through an orifice into a quench bath, for example water, whereupon solidification takes place. The solidified, gellike filaments possess sufficient mechanical strength to be transported via a roller system into an oven in which drawing is performed at elevated temperatures. During drawing solvent is expelled and evaporates and the stretched filaments can be wound up continuously on bobbins. If conditions for spinning and drawing are optimized with respect to concentration, molecular weight, drawing temperature and draw ratios, filaments are obtained with short-term mechanical properties (strength/modulus) equal to or better than those obtained with the surface growth technique, viz. strength values of ~ 3-4 GPa and moduli of > 100 GPa, whereas the long-term properties (creep resistance) are much better 34 '35. At first glance this gelspinning process looks rather similar to standard wet-spinning processes. In view of the aforementioned difficulties in processing and drawing high molecular weight polyethylenes, the use of excess solvent seems rather obvious. Solvent will lower the viscosity and results in spinnable solutions of UHMW-PE and plasticizes the system during drawing. Plastization is not uncommon in processing/drawing of rather intractable polymeric materials, for example PVC and poly(vinyl alcohol) and in case of spinning/quenching into water the solvent (decalin, xylene etc) will remain in the gel-like filaments and therefore aids in aligning the longchain molecules in the hot-drawing step.
The striking feature of the gelspinning process however is that removal of solvent from the as-spun filaments prior to drawing, for example via extraction, only slightly affects the effective drawability 36'37. (b) solution-spun/quenched and extracted UHMW-PE (in both cases the same starting material Hostalen Gur-412 was used). Care was taken to remove residual solvent completely from the as-spun filaments and no detectable changes occurred during spinning with respect to the molecular weight distribution. Therefore, the large difference in drawability as depicted in Figure 5 should be related to some spinning-induced characteristic intermolecular topology/morphology which is favourable for ultra-drawing. Via spinning from semi-dilute solutions it is possible to obtain UHMW-PE structures which possess a large drawability in the solid state as expected from these long-chain molecules (see Figure 2 ) in contrast to melt-crystallized but chemically identical samples.
Drawing, both in melt-spinning (Ward et al.) and in the gelspinning process, is performed in a temperature range close to but below the melting temperature (or dissolution temperature in case of wet gelfilaments) and above the socalled alpha-relaxation temperature, which is 70°-80°C for solid polyethylene. In this temperature range, polyethylene is still a crystalline material and therefore the arguments discussed before concerning chain conformation, random coil vs. folded-chains, still hold. Spinning from solution removes the 'constraints' which limit the drawability in melt-crystallized polyethylene, to such an extent that superdrawing is made possible. The role of the solvent is to remove the 'constraints' but once the structure is formed the solvent can be removed without losing the effective drawability, provided that redissolving and melting is prevented.
Mechanism of gelspinning/ultradrawin9
Various models have been proposed to account for the strongly enhanced drawability of solution-spun fibres, notably the effect of porosity on drawability. Porosity is induced in the as-spun filaments upon extraction and the enhanced drawability has been explained in terms of excess intermolecular free volume aiding deformation a8. However the porosity induced via extraction is of a speciality products: P. J. Lemstra 
from solution-spun UHMW-PE structures in which porosity was promoted or prevented, respectively 39. Based on systematic investigations of the effect of initial polymer concentration in solution and the subsequent post-drawing characteristics, Smith et al. ~° proposed a simple model to explain ultra-drawing of UHMW-PE. In dissolving the high molecular weight polyethylene, the number of contacts between chains decreases proportionally to the degree of dilution 2°. In the limiting case of dilute solutions (q~ < ~b*) chains are separated and consequently completely disentangled. Spinning of these dilute solutions would result in a powdery precipitate in the quench bath since no coherence between individual crystals is provided for. If spinning is performed from semi-dilute solution, in which chains overlap and are entangled to a certain extent, a coherent filament will be obtained in which the coherence is provided through frozen-in loops/trapped entanglements. In case of hypothetical melt-spinning of UHMW-PE the situation in the melt with respect to entanglement density is retained to a large extent in the solid/quenched filaments since the high melt-viscosity is prohibitive to extensive chainfolding (and consequently disentangling). Figure 6 schematically depicts the various possibilities and Figure 7 shows the morphology of as-spun filaments revealing the lamellar organization. In the model it is assumed that trapped entanglements act as semi-permanent crosslinks on the time scale of the drawing experiment, the more so since relaxation times in the semi-solid state are comparatively long. In case of melt-crystallized UHMW-PE, the high entanglement density per chain is prohibitive to ultra-drawing, in fact compressionmoulded/sintered UH MW-PE is well-known for its excellent resistance to deformation (notably its abrasionresistance). In the limiting case of isolated single crystals no in-line spinning/drawing is possible.
Spinning from semi-dilute solutions provides an optimum with respect to the morphology and entanglement density as shown by the dependence of the draw ratios on the initial polymer concentration in solution, see reference 40. This model is simple and combines well-known facts from polymer rheology and morphology. Statton 41 reported some 15 years ago that PE single crystal mats showed remarkable extensibility provided that annealing was performed prior to drawing experiments to induce sufficient coherence between the crystals in the mats. Spinning from semi-dilute solutions automatically provides this coherence between individual lamellar crystals through trapped entanglements as visualized in this model.
At first sight the crystal structure and perfection seems to be less important than trapped entanglements, in the model for controlling drawability of polyethylene. This view is substantiated by recent experiments 42 which show that the drawability of solution-crystallized UHMW-PE increased with decreasing supercooling during the crystallization process. This phenomenon was explained in terms of additional disentangling which occurs if crystallization conditions are selected which promote regular chain-folding/reeling-in and the generated PE structures show an enhanced drawability despite the fact that the crystallinity increases by more than 50%. Additional disentangling as a consequence of chain-folded crystalli-
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Commodity polymers as speciality products." P. J. Lemstra The concept of a loose entanglement network structure as the ideal precursor for ultra-drawing polyethylene explains many phenomena (at least qualitatively) as discussed above, the influence of initial polymer concentration in solution on the maximum draw ratio of asspun filaments and the effect of slow cooling in promoting drawability. In retrospect a similar model has been used to explain the phenomenon of surface growth in terms of a loose entanglement network on the rotor surface 25'26. During deformation it is assumed that the crystallites when present (as in gelspinning) do not resist deformation because they are ductile under the experimental conditions chosen for drawing.
and R. Kirscbbaum
Stability of disentangled polyethylene
The fact that crystals do not resist deformation does not imply that their presence can be ignored. The crystallites preserve the solution memory and prevent re-entangling processes. If a solution-spun/cast PE structure is heated above the melting temperature re-entangling is expected to take place. Figure 8 shows the fast decay in drawability of solution-spun UHMW-PE in the solid state after heating to and recrystallizing from the melt. Heating for 1 min in the melt, in this particular case at 142°C (compare melting temperature: 135°C), is sufficient to completely destroy the solution memory, and the drawability of the molten and subsequently quenched-recrystallized sample is indistinguishable from a straight compression-moulded sample of identical chemical composition. According to the entanglement concept, this result relates to the reformation of entanglements in the molten state to such an extent that, upon re-crystallization, a solid structure is generated as shown in Figure 6a , i.e., comparable to crystallization from a highly entangled melt. The surprising fact is the short time scale involved for the reentangling process (~ 1 min) in view of literature data 
E,c, = 29.3 x 10 3 J mol-1 (4)
From equations (3) and (4), D can be converted to 142~C, the temperature for this particular experiment (D = 14 x 10 ~ M-2 m 2 s-t). The mean square distance (self-diffusion) in a time interval At is given by Ax 2 = 6DAt.
In Table 3 , the mean diffusion distance is calculated and compared with the radius of gyration R~ (data taken from ref. 19 ) as a function of M at 142°C. The results show that even for high-molar masses the coil diffuses over a distance nearly equal to its own radius of gyration. Since linear polyethylenes are polydisperse, in the case of Hostalen Gut-412: M~ =l.5x 106 and M,=2x 105, we could conclude that a major volume fraction of the macromolecules in the sample is re-entangled and that the degree of coil overlap is sufficient (after heating for ~lmin in the melt) to obtain upon quenchingrecrystallization a solid structure whose drawing behaviour is indistinguishable from a straight melt crystallized sample (obtained in the usual way of compressionmoulding of reactor powder at ~ 200°C). The fast decay in drawability as shown in Figure 8 is therefore not directly in conflict with the concept of trapped entanglements controlling drawability of solid polyethylene, of course within the framework of the reptation concept and diffusion data. However at present we do not wish to apply this model * In fact the literature data 43"44 discussed above are far more difficult to understand in terms of reformation of entanglements or restoring an entanglement network structure in the melt. This was recently discussed 5° in terms of tight knots related to long time memory effects for times>> the terminal time ~. The terminal time • (disengagement time or reptation time) 51 is given by z = R2/D and is also presented in Table 3 .
For standard molecular weight polyethylenes (linear grades), no long memory times are predicted, nor complete re-entangling for higher molar masses.
speciality products: P. J. Lemstra and R. Kirschbaum to other situations than those encountered in gelspinning and related phenomena such as surface-growth processes 25'26. Under experimental conditions such as recrystallization from the melt other factors are involved like multiple nucleation which could prevent the formation of regular chain-folded crystals. In the other extreme case of crystallization from very dilute solutions, to promote the formation of single crystals, the formation of trapped entanglements, tie molecules, or in general connectivity between crystals becomes less likely. However, as shown by Porter et al. 49 solid-state extrusion of UHMW-PE single crystals provides sufficient coherence between the individual single crystals to obtain superdrawable extrudates and it is rather difficult to envisage entanglement formation during the extrusion process.
In conclusion it can be said that many factors are involved in drawing polyethylene and in the case of gelspinning an optimum is provided for with respect to crystal structure and connectedness to make in-line spinning/drawing possible. The connectedness is visualized in a model of trapped entanglements to explain phenomena such as dependence of drawability on initial polymer concentration, in case of gelspinning.
Properties ot U H M W-PE 9elspun ,fibres
No extensive data are available as yet concerning the properties of gelspun fibres based on UHMW-PE, although recently numerous patents were applied for, notably by TOYOBO, DSM and Allied Chemicals. Some salient features of HP-PE (high-performance polyethylene fibres) are shown in Figures 9 and lO . Due to high extension-to-break in combination with the high modulus, HP-PE structures can absorb a large amount of energy to break, as demonstrated in Table 4 . In fact this can be utilized in fabrics and composite structures where 
BIAXIAL DRAWING OF POLYPROPYLENE BLENDS
Barrier properties of polymers
The main application area of synthetic polymers is packaging, ranging from films, tubes to containers. The advantages of synthetic polymers in comparison with the classical inorganic materials metals and glass, are respectively light weight and impact resistance. However for numerous applications the permeability of many polymers to gases and liquids is far too high to be competitive with and to substitute for glass and metals. The permeability relates to the rate of transmission of a permeant through a barrier. Different units and various definitions are used in literature.
The permeability coefficient P may best be defined as54:
P=(amount of permeant)(film thickness)/(area)(time) (pressure-drop across film).
The permeability coefficient P is often expressed as the product of a diffusion (D) and solubility coefficient (S) for the permeant, P=D.S, suggesting a simple process of Stress-strain behaviour of HP-PE fibres compared to other consecutive dissolution and diffusion of a permeant through a (flawless) film. In actual polymeric systems, sorption and transport phenomena can be very complex, notably in glassy and semi-crystalline polymers as discussed in ref. 55 . Table 5 shows the relative permeability coefficients of well-known polymers for 02 and CO2 at room temperature, indicating a 50 000 fold difference*• The chemical structure is usually considered to be the impact resistance is needed, such as ballistic applications 52. A convincing demonstration that HP-PE fibres are clearly different in properties (not only strength and modulus) compared with (isotropic) polyethylene is the possibility to produce thermoplastic composites of the type PE/PE consisting of HP-PE fibres embedded in a polyethylene matrix 53. This is possible because the melting temperature of the HP-PE fibres is higher than those of isotropic polyethylenes and moreover depends on the constraints imposed on the fibre during melting• Figure 11 demonstrates the melting behaviour of HP-PE fibres in comparison with the starting material. At the standard heating rate adopted the chopped fibres show one major peak at 144°C whereas the fibres embedded in an epoxy matrix melt at ~ 155°C. The latter temperature has been associated with a solid-solid transition, orthorhombic to hexagonal 29. Depending on sample weight, fibre length, kinks, knots etc, a combination of the two melting peaks as shown in Figure 11 can be observed or even higher melting peaks (> 160°C) as a result of superheating at high scan speeds. predominant factor governing the magnitude of the permeability coefficient but this is not necessarily true. For example polyethylene is relatively permeable for gases such as O2 and CO2. Since diffusion through crystallites can be neglected, the amorphous zones in polyethylene are responsible for sorption and transport. By uniaxial drawing of linear polyethylene (based on Ward's optimized drawing method) oriented films can be produced possessing a 350-times lower permeability in comparison with isotropic polyethylene 56. This demonstrates that a physical operation can change a polymer possessing poor barrier properties in the isotropic state into a high-barrier product. However conversion of uniaxially drawn films into three-dimensional structures, possessing related barrier properties, is technologically a rather complex process which is not currently used. Unfortunately, the spectacular decrease in permeability as obtained on uniaxial drawing is not achieved in biaxial drawing or multi-axial drawing.
Biaxial drawing of films (polypropylene) or multi-axial deformation of injection-moulded preforms (polyester bottles) is an important operation to improve the mechanical and optical properties. It is performed in a temperature range close to but below the melting point, in case of semi-crystalline polymers, or just above the glass transition temperature in case of amorphous systems. Despite the fact that permanent orientation is induced in these drawing modes, the decrease in permeability is rather limited, usually to a factor of 2 to 3. This is partly related to the fact that biaxial drawing is not 'self-healing' with respect to the presence of microscopic defects in the isotropic starting sample, in contrast to uniaxial drawing. Therefore no high-barrier products based on the polyolefins PE and PP are currently produced but the experimental fact that low permeability can be obtained, provided that a high degree of crystallinity and proper molecular orientation are induced (as shown in ref. 56), will stimulate future research in this area.
The need to develop high-barrier systems based on polyolefins would not exist if polymers combining excellent barrier properties with good processability, mechanical performance and in particular non-toxicity were available. The last requirement is essential in case of contact with food. Polymers such as PVC, polyester and the polyamides are used for barrier applications but can not be considered as real barrier systems (restricted 'shelf life'). Table 5 shows, below the dotted line, some examples of intrinsically high-barrier polymers such as the homopolymers PAN, PVDC and PVAL, the latter at low speciality products: P. J. Lemstra and R. Kirschbaum relative humidities only. They all have the major disadvantage of not being processable as thermoplastic materials. This problem can be and has been solved, for instance as shown by the development of acrylonitrilemethacrylate copolymers (Barex).
With PAN-copolymers, however, serious difficulties have been encountered with respect to residual acrylonitrile monomer ~7. The presence of residual carcinogenic monomers immediately indicates the problem of designing and developing new intrinsic barrier polymers or copolymers based on new chemistry, i.e., 'speciality polymers', since long-term effects are unknown and may present a high risk. An interesting group of copolymers in this respect are the ethylene-vinylalcohol copolymers. Poty(vinylalcohol), a commodity polymer (at least in Japan), is non-toxic and possesses excellent barrier properties at low relative humidities. However, this polymer is hygroscopic and will lose its barrier properties with increasing relative humidity. Introduction of ethylene units in the chain will reduce the hydrophilic character and, equally important, the copolymers become thermoplastic, extrudable materials.
With increasing amounts of ethylene in the copolymer the resistance to moisture will increase but the barrier properties decrease accordingly, see below. Ethylenevinylalcohol copolymers are commercially available with ethylene contents of ~30~0 molto, the so-called EVAL's 5s. These copolymers have to be protected from environments with relative high humidity as encountered in packaging of liquids etc. One way is to laminate these copolymers with outside layers of polyolefins such as PE or PP through co-extrusion 59. Alternatively one can make blends of EVAL copolymers and polyolefins as discussed below in which the hydrophobic polyolefin matrix protects the EVAL phase.
Barrier properties of incompatible blends
Miscibility of polymers is the exception rather than the rule and, in particular, if polar polymers such as PVAL or its copolymers are mixed with polyolefins no homogeneous blends are obtained. EVAL can be dispersed in a polyolefin matrix with a proper mixing device and the resulting particle size will depend on machinery, volume fraction and viscosities of the constituents and the amount and type of compatibilizers used 6°.
If particles possessing barrier properties are present in a blend the permeability of the system will decrease but the effect is rather small 61, at least at lower volume fractions (which are necessary to avoid complete deterioration of the mechanical and optical properties).
A much better situation is obtained, at least with respect to barrier properties, when processing conditions are chosen which promote deformation and elongation of the dispersed phase, preferably into two-dimensional thin layers. This has been achieved in the case of polyethylene/EVAL-blends by extrusion of the mixture under specific conditions to obtain a moulded structure consisting of thin overlapping layers of EVAL in a polyethylene matrix 62.
Along similar lines a new barrier resin SELAR was recently announced by DuPont 63 which is based on a mixture of polyethylene/polyamide and processing conditions which promote the formation of substantially twodimensional, parallel and overlapping layers of the polyamide in polyethylene. As shown in Table 5 , polyamides are medium-barrier polymers for 02 and CO2 but show a much better resistance to hydrocarbons in comparison with polyolefins and therefore these blends could be processed via single step blow moulding to produce, for instance, petrol tanks. In general it is extremely difficult to obtain products based on incompatible blends which combine excellent barrier properties with good mechanical performance and optical properties (essential for films). The main difficulty is to match the drawing characteristics of the constituents during processing or in a later drawing-step. Table 6 , for example, shows the results obtained for blown films based on polyethylene/EVAL blends. In this case a mixture of low-density polyethylene and EVAL (ECF-Kuraray) was extruded together with 5% of a compatibilizer (Admer LF-500, Mitsui) and processed into a balanced tubular film with blow-up and draw ratios of 4:4 and a film thickness of ~ 25 #m.
There is a strong decrease in permeability due to a favourable orientation of the dispersed EVAL copolymer induced during stretching in the melt, but both the optical and mechanical properties fall below any acceptable levels, as is often encountered with incompatible polymer blends. In the case of polyethylene/EVAL blends no major improvements with respect to mechanical and optical properties could be obtained, in contrast to polypropylene/EVAL blends.
PP/EVAL blends
Biaxial drawing of polypropylene (homopolymer) is an established technique to improve optical and mechanical properties. Drawing is performed in a temperature range close to but below the melting point (~ 165°C) to achieve a high degree of orientation (compare uniaxial drawing of polyethylene). If a PP/EVAL-blend is extruded and subsequently drawn biaxially, the results are poor, see Table 6 , d and e. This is to be expected since at the drawing temperature the continuous PP matrix can be easily deformed but the dispersed EVAL phase resists deformation since its melting point is usually above the melting point of PP.
In the case of EVAL copolymers the dependence of the melting point on the ethylene content is quite exceptional. EVAL copolymers are derived from the parent EVA copolymers through complete saponification (in fact VAE copolymers in view of the minor ethylene content). EVA copolymers can be considered to be statistical copolymers and one expects that the presence of ethylene units, randomly distributed along the chain, will decrease the melting point drastically as found in related copolymers such as randomly re-acetylated poly(vinyl alcohol), stu- Melting behaviour of EVAL-copolymers compared to reacetylated PVAL copolymers (R) died extensively by Tubbs 64 . Figure 12 shows the actual melting behaviour of EVAL copolymers in comparison with related statistical copolymers obtained through reacetylation of poly(vinylalcohol). The data are taken from ref. 64 and indicated by curve R in Figure 12 .
Following Tubbs' analysis, the average sequence length can be calculated of the 'vinyl alcohol' units in the EVAL copolymers, adopting the melting-point-depression relation of Flory:
A(Tm)-~ = -(R/AH)In (Pi) (5) in equation (5), A(Tm) -1 =(Tin) -1 -(Tm°) -a in which Tm is the copolymer melting point and Tm° the equilibrium melting point of the homopolymer, i.e., poly(vinylalcohol), R is the gas constant, AH the heat of fusion as derived from the randomly re-acetylated samples and pj is the probability that monomer unit j is followed by the same monomer j (for statistical copolymers p = X = mole fraction j).
Based on this simple analysis the average sequence length of 'vinyl alcohol' in the EVAL copolymers is more than 10 monomer units whereas from n.m.r, and copolymer kinetics of EVA copolymers it is known that these EVAL copolymers should be considered to be statistical copolymers 6s. Although the authors are aware of the conditions under which equation (5) is applicable, i.e., equilibrium crystallization and melting, this simple analysis shows that the melting/crystallization behaviour of EVAL copolymers is unique, indicative of cocrystallization of ethylene and 'vinyl alcohol' units.
As a consequence of co-crystallization, ethylene units in the EVAL copolymer can be accommodated in the crystal lattice and therefore the barrier properties will remain at a high level, even up to 40-50 mol% of ethylene units. For Table 6f obtained by biaxial drawing of PP/EVAL sheets at 162°C. The mixture consisted of 70% PP homopolymer; 25°/O EVAL copolymer with 43mol°Jo ethylene (Tm=I58~'C) and 5% compatibilizer Admer QF-500 (Mitsui). Figure 13 reveals the presence of thin, overlapping EVAL layers in the drawn films.
CONCLUSIONS
It was shown that optimized drawing processes dramatically improved the properties of commodity (co)polymers and their blends leading to strongly enhanced mechanical, barrier and related properties beyond previously envisaged limits. The first example demonstrates how in a time span of -~ 15 years ultra-stiff structures could be made based on an intrinsically flexible polymer such as polyethylene through a simple physical operation, namely uniaxial drawing. This achievement could be realized after recognizing the prime factors controlling drawability. The second example shows that intractable systems such as incompatible blends can be processed into useful products by matching their physical properties. The examples given are not exceptions but rather indications to new routes as demonstrated by recent patent applications such as the production of strong/stiff poly-(vinylalcohol) fibres via a gelspinning route 67 and optimized post-drawing of polyamide-fibres to increase the tensile strength beyond 1 GPa 68. Apart from fibres or films, processes are under development to obtain threedimensional structures such as tubes and profiles possessing superior mechanical properties, for example diedrawing of polyethylene 69. In the near future new developments are to be expected based on utilization of the intrinsic properties of commodity polymers.
